Introduction
============

Acute respiratory distress syndrome (ARDS), a leading cause of morbidity and mortality in patients in critical care ([@b1-mmr-16-05-6715]--[@b5-mmr-16-05-6715]), may be caused by several virulent substances, however, the severe inflammation, which accompanies the condition is most frequently linked to bacteria, including lipopolysaccharide (LPS) and lipoteichoic acid ([@b6-mmr-16-05-6715]). LPS has been previously administered in experimental animals, causing continuous sepsis and concomitant ARDS-like lung injuries, including polymorphonuclear neutrophil sequestration and lung edema ([@b7-mmr-16-05-6715]). Although recombinant human activated protein C has been developed for use in treating human sepsis ([@b8-mmr-16-05-6715]), it was found not to demonstrate a significant effect in the Prowess-Shock trial ([@b9-mmr-16-05-6715]). Therefore, additional sepsis targets have been established, including complement C5a ([@b10-mmr-16-05-6715]) and its receptor ([@b11-mmr-16-05-6715]), macrophage migration inhibitory factor ([@b12-mmr-16-05-6715]), high-mobility group box 1 protein ([@b13-mmr-16-05-6715]) and histones ([@b14-mmr-16-05-6715]). Pharmaceuticals are being developed against each of these targets; however, no drugs have achieved successful treatment of sepsis. Therefore, further investigations to identify novel therapeutic targets are required.

Wnt pathways, which are crucial for regulating the mechanisms required for the proliferation, development, and differentiation of cells and organisms, can be further characterized as canonical and noncanonical Wnt pathway branches. The canonical Wnt signaling pathway is key in cell proliferation and motility, cell fate decisions, and cell polarity during embryonic development and adult tissue homeostasis ([@b15-mmr-16-05-6715]). Wnts and their downstream canonical signaling pathways also have critical effects on the self-renewal and differentiation of mesenchymal stem cells (MSCs) ([@b16-mmr-16-05-6715]), which possess multipotency and immunoregulatory properties, have been shown to differentiate into alveolar epithelial cells, promote re-epithelialization, alleviate inflammation, improve pathological impairment, and reduce mortality rates in ARDS models ([@b17-mmr-16-05-6715]--[@b19-mmr-16-05-6715]). However, due to the low engraftment of MSCs and the differentiation rates in lung tissues of these models, they have limited therapeutic effect ([@b20-mmr-16-05-6715],[@b21-mmr-16-05-6715]). Therefore, clarification of the mechanisms underlying the Wnt pathway in mediating MSCs or other cell functions in ARDS may lead to improved cellular retention in injured lung tissue.

The present study focused on the use of Wnt signaling to activate SB216763, a glycogen synthase kinase-3β inhibitor (GSKI), to alleviate the inflammation and sepsis caused by Wnt signaling on ARDS. An LPS-induced ARDS model was used to investigate the condition and possible associated mechanisms. The aim of the present study was to provide a novel perspective and more detailed understanding of the etiology of ARDS, and provide evidence for a potential novel therapeutic strategy.

Materials and methods
=====================

### Reagents and antibodies

Murine interleukin (IL)-6, IL-8, tumor necrosis factor (TNF)-α, IL-17, IL-18 and IL-1β enzyme-linked immunosorbent assay (ELISA) kits were purchased from Invitrogen Life Technologies; Thermo Fisher Scientific, Inc. (Waltham, MA, USA). Rat anti-mouse-Ly-6 G (cat. no. 551495) monoclonal antibodies (mAbs) were purchased from BD Pharmingen (San Diego, CA, USA). Rat anti-mouse F4/80 (clone A3-1) mAb (cat. no. MCA497GA) was acquired from Serotec (Bio-Rad Laboratories, Inc., Hercules, CA, USA). FITC-conjugated sheep anti-rat IgG mAb (cat. no. PA1-28638) was purchased from Pierce (Thermo Fisher Scientific, Inc.). Rabbit anti mouse SP-C polyclonal Abs (cat. no. bs-10067R) was acquired from Bioss Inc. (Woburn, MA, USA). Total protein, albumin and keratinocyte growth factor (KGF) ELISA kits and Texas Red-conjugated goat anti-rabbit IgG (H + L) (cat. no. ABIN287315) were acquired from Antibodies-Online GmbH (Aachen, Germany).

### Preparation of experimental animals

A total of 144 specific pathogen-free 7--8-week-old male C57/B6 mice weighing 20--25 g were obtained from Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai, China), and were housed in the animal facility of the First Affiliated Hospital of Soochow University (Suzhou, China) under specific pathogen-free conditions. A 12-h light/dark cycle and 19--21°C ambient temperature were maintained during the entire course of the investigation. The animals were housed in groups of 5, and fed regular laboratory chow and water *ad libitum*. All animal experiments performed in the present study conformed to the Guide for the Care and Use of Laboratory Animals ([@b22-mmr-16-05-6715]) and were approved by the Institutional Animal Care and Use Committee of Soochow University (Suzhou, China).

### Murine model of LPS-induced ARDS

The murine model of LPS-induced ARDS was established as previously reported ([@b23-mmr-16-05-6715]). Briefly, the mice were first anesthetized with an intraperitoneal injection of 1.8% (v/v) Avertin (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) at a dose of 0.20 ml/10 g body weight, and received a single dose of LPS (100 µg intratracheally) from *Escherichia coli* serotype 0111:B4 (Sigma-Aldrich; Merck KGaA) in 50 µl sterile normal saline ([@b24-mmr-16-05-6715]). The mice were then allowed to recover in a 100% oxygen chamber until fully awake. The control mice received 0.9% PBS instead of LPS. The mice were then sacrificed humanely at indicated time points of day 3 and day 14 following LPS challenge to collect tissues for analysis. The initial experiment showed that 20 mg/kg of the GSKI (SB216763; Selleck, Houston, TX, USA) was effective at significantly inhibiting the effect of GSK-3β and activating WNT signaling. Therefore, 20 mg/kg of GSKI SB216763 was used for the inhibition experiments in the present study.

### Cytokine and protein measurements in bronchoalveolar lavage fluid (BALF)

According to a previously described method ([@b23-mmr-16-05-6715]), BALF was collected by flushing 1 ml ice-cold PBS back and forth three times through a tracheal cannula, and then centrifuged at 1,000 × g at 4°C for 10 min. The protein concentrations of IL-6 (cat. no. BMS603-2), IL-8 (cat. no. EMCXCL15), TNF-α (cat. no. BMS607-3), IL-17 (cat. no. BMS6001), IL-18 (cat. no. BMS618-3) and IL-1β (cat. no. EM2IL1B2) in the supernatant were measured using murine cytokine-specific ELISA kits (Invitrogen Life Technologies; Thermo Fisher Scientific, Inc.) in strict accordance with the manufacturer\'s protocol. The quantities of total protein (cat. no. ABIN996404), albumin (cat. no. ABIN2756308) and KGF (cat. no. ABIN2703018) in the BALF were measured as markers of epithelial permeability using ELISA kits (Antibodies-Online GmbH).

### Evaluation of lung edema

Lung edema was evaluated according to the ratio of lung wet weight to body weight (LWW/BW) measured, as previously described ([@b25-mmr-16-05-6715]). Briefly, the whole lung was removed and cleared of all extrapulmonary tissues, and the LWW/BW was calculated based on the values of the respective weights (mg/g).

### Determination of neutrophils and macrophages

According to a previously described method ([@b22-mmr-16-05-6715]), BALF was obtained by instilling 0.9% NaCl, containing 0.6 mmol/l ethylenediaminetetraacetic acid, in two separate 0.5 ml aliquots. The fluid was recovered by gentle suction and placed on ice for immediate processing. An aliquot of the BALF was processed immediately for total and differential cell counts. The remainder of the BALF was centrifuged at 1,200 × g at 4°C for 10 min, following which the supernatant was removed aseptically and stored in individual aliquots at −80°C. The numbers of neutrophils and macrophages were calculated as the percentage of neutrophils and macrophages multiplied by the total number of cells in the BALF sample using flow cytometry (FCM). All analyses were performed in a blinded-manner.

### Histopathology

Lung tissues were fixed in 4% paraformaldehyde at 37°C for 1 h, embedded in paraffin and cut into 5-µm thick sections. The tissue sections were stained with hematoxylin and eosin, and images were captured (magnification, ×200) using a fluorescence microscope (MZ16; Leica Microsystems GmbH, Wetzlar, Germany). An investigator, who was blinded to the identity of the slides, evaluated the images and lung injury scores were assigned, as previously described ([@b23-mmr-16-05-6715],[@b26-mmr-16-05-6715]). In brief, the extent of the pathological lesions was graded between 0 and 3 as shown in [Table I](#tI-mmr-16-05-6715){ref-type="table"}. The score for each animal was calculated by dividing the total score for the number of sections observed.

### Statistical analysis

The data are presented as the mean ± standard deviation. Statistical analyses were performed using SPSS 18.0 software (SPSS, Inc., Chicago, IL, USA). Comparisons among multiple groups were performed using one-way analysis of variance followed by Bonferroni\'s post hoc test if the data were normally distributed. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### GSKI leads to maintained body weight and improved survival of mice with LPS-induced ARDS

The present study evaluated the effect of GSKI treatment on body weight maintenance and survival of mice with LPS-induced ARDS, which had lost \~25% of their body weight ([Fig. 1A](#f1-mmr-16-05-6715){ref-type="fig"}). GSKI consequently abrogated the weight loss of the mice with LPS-induced ARDS (P\<0.05). In addition, the mortality rate was \~40% in the LPS-induced ARDS mice, however, with GSKI treatment, the mice had an increased survival rate, up to 60% at 40 h intervals ([Fig. 1B](#f1-mmr-16-05-6715){ref-type="fig"}; P\<0.05), which suggested that the Wnt signaling pathway was effective in preventing the development of ARDS.

### GSKI reduces LPS-induced lung permeability

The present study subsequently examined the concentrations of total protein, albumin, IgM and KGF in BALF, to evaluate the integrity of the alveolar-capillary membrane barrier and to assess pulmonary vascular leakage, the latter of which is a marker for ARDS. The results revealed that the levels were significantly increased in LPS-challenged mice compared with those in the control mice (P\<0.05 and P\<0.01). Following GSKI treatment, the levels of total protein, albumin, IgM and KGF were reduced (P\<0.05; [Fig. 2](#f2-mmr-16-05-6715){ref-type="fig"}).

### GSKI alleviates histopathological characteristics of mice with LPS-induced ARDS

The present study found increased thickening of the alveolar wall, alveolar and interstitial inflammatory cell infiltration, hemorrhaging alveolar exudates, and edema in the lung tissue of mice following LPS-induced lung injury. The Smith score for quantifying lung injury was also increased. By contrast, the histopathological characteristics and the Smith score were reduced in the LPS+GSKI group, compared with those in the LPS group (P\<0.05; [Fig. 3A-D](#f3-mmr-16-05-6715){ref-type="fig"}).

### GSKI attenuates acute LPS-induced pulmonary inflammation

The present study examined inflammatory cell (neutrophil and macrophage) counts, pro-inflammatory cytokines and chemokines in BALF to further assess the anti-inflammatory effect of Wnt signaling in LPS-induced ARDS. The neutrophil and macrophage counts were increased (P\<0.05 and P\<0.01; [Fig. 4](#f4-mmr-16-05-6715){ref-type="fig"}) and the levels of pro-inflammatory cytokines, including IL-6, IL-8, TNF-α, IL-17, IL-18, and IL-1β, were all significantly elevated in response to the LPS challenge (P\<0.05 and P\<0.01; [Fig. 5](#f5-mmr-16-05-6715){ref-type="fig"}). GSKI administration was effective in decreasing the inflammatory cell counts, and the levels of pro-inflammatory cytokines and chemokines (P\<0.05; [Figs. 4](#f4-mmr-16-05-6715){ref-type="fig"} and [5](#f5-mmr-16-05-6715){ref-type="fig"}).

### GSKI promotes the differentiation of MSCs into ATII epithelial cells in vivo

The present study also evaluated the differentiation of MSCs into ATII cells 14 days following treatment with GSKI by analyzing the expression of the ATII cell marker, SP-C, through immunofluorescence staining. The SP-C (red) and MSCs (green) co-localized in the lung tissue (yellow) of the LPS and LPS+GSKI groups; however, the rate of differentiation was higher following GSKI treatment, compared with group without GSKI treatment (P\<0.05; [Fig. 6A and B](#f6-mmr-16-05-6715){ref-type="fig"}).

Discussion
==========

The canonical Wnt pathway is key in the development, differentiation, and physiological functions of cells and organisms ([@b27-mmr-16-05-6715]). Canonical Wnt ligands bind to Frizzled co-receptors and low-density lipoprotein receptor-related proteins 5 or 6, which results in GSK-3β inhibition and the accumulation of β-catenin translocating into the nucleus, ultimately regulating target gene expression ([@b28-mmr-16-05-6715]). This process makes β-catenin the pivotal signaling regulator of the canonical Wnt pathway. Due to its importance in the pathological process of numerous diseases, the present study examined the effect of Wnt signaling in experimental ARDS.

GSKI has been applied as a canonical Wnt signaling activator in previous studies. Troussard *et al* ([@b29-mmr-16-05-6715]) reported that the phosphorylation of integrin-linked kinases inhibited GSK-3I activity, but activated AP-1 activity, resulting in regulation of the survival, proliferation, differentiation and migration of cells. In addition, the reduction of cAMP response element binding protein activity has been shown to facilitate apoptosis ([@b30-mmr-16-05-6715],[@b31-mmr-16-05-6715]). Due its efficiency and stability, the present study used GSKI as treatment reagent administered to LPS-induced ARDS mice. The results *in vivo* revealed that GSKI functionally alleviated LPS-induced acute lung injury, and abrogated inflammatory cell infiltration into the BALF and pro-inflammatory cytokine secretion. In addition, GSKI was shown to induce the differentiation of MSCs into ATII epithelial cells, which is a positive outcome in ARDS rehabilitation. Therefore, the present study revealed a novel mechanism underlying the mediation of experimental ARDS by Wnt signaling. Although further investigations are required, GSKI was shown to be a prospective candidate as a chemopreventive agent in clinical settings for therapy for ARDS.

Although it was determined that GSKI attenuated lung injury, as shown by its effect on body weight and the survival of the mice, and reduction of lung permeability ([Figs. 1](#f1-mmr-16-05-6715){ref-type="fig"} and [2](#f2-mmr-16-05-6715){ref-type="fig"}), there are several signal transduction processes involved in the pathogenesis of ARDS, making it complex to investigate. Investigations have focused on Wnt signaling, which is necessary for the proliferation and migration of cells, expression of multiple cytokines, and inflammatory responses ([@b32-mmr-16-05-6715]).

To the best of our knowledge, inflammatory responses are the primary cause of LPS-induced lung injury. During the acute pathological process, inflammatory cells, including neotrophils and macrophages, are recruited to lung lesions, and they are induced to secrete pro-inflammatory cytokines to further accelerate inflammatory responses and deteriorate ARDS. Thus, effective inhibition of inflammatory responses is fundamental treatment strategy for ARDS. It is known that the canonical Wnt pathway is a preventive factor in the ARDS pathological process. Consistently, the activation of Wnt signaling by GSKI in the present study retarded inflammatory cell infiltration and suppressed the expression of pro-inflammatory cytokines. It was concluded that the alleviation of experimental ARDS was associated with the effects of Wnt signaling on the cellular and protein regulation of the inflammatory response.

MSCs have been shown to migrate to and engraft in injured lungs, and to differentiate into lung epithelial cells *in vivo*, indicating their potential in the treatment of ARDS ([@b33-mmr-16-05-6715]--[@b36-mmr-16-05-6715]). Therefore, promoting MSCs to differentiate into lung epithelial cells may be another route to facilitate ARDS restoration. The present study examined whether Wnt signaling exhibits protective functions via promoting MSC differentiation into lung epithelial cells. As expected, it was found that activation of the canonical Wnt/β-catenin pathway by GSKI promoted the differentiation of MSCs into ATII cells and migration to injured lung tissues, as detected using immunofluorescence assay, which was consistent with previous reports ([@b37-mmr-16-05-6715]).

In conclusion, the results of the present study revealed that GSKI was an efficient activator for Wnt signaling in LPS-induced ARDS, and this activating effect may facilitate MSC differentiation into lung epithelial cells, reduce inflammatory responses and thus alleviate lung injury. These results confirmed GSKI as a prospective candidate chemopreventive agent in clinical settings for ARDS therapy.
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![GSKI treatment maintains body weight and increases survival rates of ARDS mice. (A) Body weight was measured 3 days following LPS challenge. (B) Mice were examined for survival. All values are presented as the mean ± standard deviation (n=6--8 animals). \*P\<0.05. LPS, lipopolysaccharide; ARDS, acute respiratory distress syndrome.](mmr-16-05-6715-g00){#f1-mmr-16-05-6715}

![Treatment with GSKI reduces LPS-induced lung permeability. The levels of (A) total protein, (B) total albumin, (C) IgM and (D) KGF in bronchoalveolar lavage fluid were determined 3 days following LPS challenge. All values are presented as the mean ± standard deviation (n=6--8 animals). \*P\<0.05 and \*\*P\<0.01. GSKI, glycogen synthase kinase-3β inhibitor; LPS, lipopolysaccharide; ARDS, acute respiratory distress syndrome; KGF, keratinocyte growth factor.](mmr-16-05-6715-g01){#f2-mmr-16-05-6715}

![Effect of GSKI on the histopathology of LPS-induced lung injury and survival over 14 days. Histopathological analysis of lung tissues from mice in the (A) control, (B) ARDS and (C) ARDS+GSKI groups were performed at indicated times following LPS challenge (hematoxylin and eosin staining; magnification, ×200) (D) Quantification of lung injury showed a significant reduction in the severity of lung injury in the LPS+GSKI group. The change was more marked in the LPS group, compared with that in the LPS+GSKI group. All values are presented as the mean ± standard deviation (n=6--8 animals). \*P\<0.05. GSKI, glycogen synthase kinase-3β inhibitor; LPS, lipopolysaccharide; ARDS, acute respiratory distress syndrome.](mmr-16-05-6715-g02){#f3-mmr-16-05-6715}

![Treatment with GSKI reduces LPS-induced pulmonary inflammatory cell accumulation. Groups of mice were challenged with LPS and treated with GSKI 30 min later. (A) Neutrophils; (B) macrophages; (C) ratios of Ly6G-positive neutrophils in control (open bars), LPS-treated and LPS+GSKI-treated (black bars) mice using FCM; (D) ratios of F4/80-positive macrophages in control (open bars), LPS-treated and LPS+GSKI-treated (black bars) mice using FCM. Data are presented as the mean ± standard deviation of one experiment consisting of three replicates. Experiments were performed in triplicate. \*P\<0.05 and \*\*P\<0.01. GSKI, glycogen synthase kinase-3β inhibitor; LPS, lipopolysaccharide; ARDS, acute respiratory distress syndrome; FCM, flow cytometry.](mmr-16-05-6715-g03){#f4-mmr-16-05-6715}

![GSKI treatment attenuates LPS-induced pulmonary inflammation. LPS-challenged mice were treated with GSKI 30 min following LPS challenge, and pro-inflammatory cytokines and chemokines in bronchoalveolar lavage fluid were determined on day 3. Data are presented as the mean ± standard deviation of one experiment consisting of three replicates. \*P\<0.05; and \*\*P\<0.01. GSKI, glycogen synthase kinase-3β inhibitor; LPS, lipopolysaccharide; ARDS, acute respiratory distress syndrome; IL, interleukin; TNF-α, tumor necrosis factor-α.](mmr-16-05-6715-g04){#f5-mmr-16-05-6715}

![Effect of GSKI on retention of MSCs in the lungs 14 days following LPS challenge in the LPS control and LPS+GSKI groups. (A) Immunofluorescent staining to detect MSC engraftment in lung tissues. White arrows indicate green fluorescent protein-positive cells; nuclei were stained blue with DAPI (magnification, ×200; scale bar, 20 µm). (B) All values are presented as the mean ± standard deviation (n=6--8 animals). \*P\<0.05. ARDS, acute respiratory distress syndrome; GSKI, glycogen synthase kinase-3β inhibitor; MSCs, mesenchymal stem cells.](mmr-16-05-6715-g05){#f6-mmr-16-05-6715}

###### 

Smith scores of the extent of pathological lesions.

  Score   Alveolar hemorrhage                              Extent of fibrin                             Alveolar infiltration/field
  ------- ------------------------------------------------ -------------------------------------------- -----------------------------
  0       No hemorrhage                                    No fibrin in alveolar                        \<5 cells
  1       \>5 erythrocytes per alveolus in 1--5 alveoli    Fibrin occupation \<1/3 of field             5--10 cells
  2       \>5 erythrocytes per alveolus in 5--10 alveoli   Fibrin occupation \<2/3 but \>1/3 of field   10--20 cells
  3       \>5 erythrocytes per alveolus in \>10 alveoli    Fibrin occupation \>2/3 of field             \>20 cells
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